We studied the transfer of a small neutral amino acid, a-aminoisobutyric acid, from arterial blood into the pituitary neural lobe in normal rats and in rats deprived of water for 5 days. A threefold increase in the neural lobe uptake of the amino acid was found in the chronically dehydrated rats. Possible causes for this ef fect include enlargement of the capillary and pituicyte membrane surface areas available for solute flux and in-
The capillary circulation of the pituitary neural lobe differs in many respects from that of cerebral tissue. The density of blood vessels is far greater in the neural lobe, and its endothelial cells are fenes trated, smaller, and thinner, and have a consider ably higher incidence of pinocytotic vesicular ac tivity (Wislocki and King, 1936; Scott, 1968; Car ithers et aI., 1981) . The rate of blood flow through the neural lobe is many times greater than in cere bral gray structures (Page, 1982) .
Under conditions of stimulation, such as during dehydration, glucose utilization in the neural lobe increases markedly (Gross et aI. , 1985) . Morpho logical changes in the endothelium and pituicytes, which suggest increased protein turnover (Leveque and Small, 1959; Friesen and Astwood, 1967; Krsu lovic and Bruckner, 1969; Paterson and LeBlond, 1977; Tweedle and Hatton, 1980) , also result from dehydration. Similar morphological and metabolic creased permeability of these membranes. Such func tional and structural alterations may be associated with an increase in protein turnover in the neural lobe during dehydration. Key Words: Blood flow-Endothelial cells-Neuroendocrine model-Permeability -surface area product-Pituicytes-Quantitative autoradiog raphy.
changes are seen in the neural lobes of homozygous Brattleboro rats, which do not synthesize vaso pressin and are thus chronically dehydrated (Sokol and Yaltin, 1965; Friesen and Astwood, 1967; Scott, 1968; Kadekaro et a!. , 1983; Sutherland et a!. , 1983) . Because in most brain structures the rate of tissue perfusion is coupled to the functional and metabolic needs of the tissue (Roy and Sherrington, 1890; Sokoloff, 1981) , it is not surprising that blood flow in the neural lobe is elevated both in normal and in Brattleboro rats deprived of water for 24 h (Kapitola et aI. , 1977; Lichardus et aI. , 1977) . These findings suggest that an increased level of perfusion is required to support both the enhanced secretory activity of the neural lobe during dehydration and its increased overall metabolism.
A further factor in the blood-to-tissue transfer of solutes in neurosecretory structures may be the ef fect on the endothelium of the substance being se creted or of blood-borne stimuli. For example, it has been reported that vasopressin can increase the permeability of cerebral endothelial cells to water (Raichle and Grubb, 1978) .
The present studies were undertaken to (a) ex amine the uptake of a neutral amino acid by the neural lobe, (b) compare its rate of influx to that in cerebral tissue, and (c) assess how this process is affected during dehydration when neurosecretory activity is high and synthetic processes may be stimulated.
METHODS
Male Sprague-Dawley rats weighing 300-380 g were housed individually in wire cages in a room with a 12-h light-dark cycle with lights on at 7 a.m. Experiments were conducted between II a.m. and 1 p.m. Twelve rats had free access to food and water until the morning of the experiment, and 13 rats were deprived only of water during a 5-day period up to the time of the studies. The rats were anesthetized with 3% halothane in oxygen, and catheters were inserted into both femoral arteries and veins for sampling arterial blood, for measuring arterial blood pressure, and for administering drugs if needed. The animals were given 100 U heparin intravenously. Each rat was wrapped loosely in a plaster cast around the abdomen and hindquarters, with the catheters pro truding, and the cast was taped to a lead block to facilitate manipulation of the catheters during the experiment.
Arterial blood pressure, blood gases and pH, hemato crit, and rectal temperature were determined before each study. Two sets of experiments were done using different radiotracers. Eight control and seven water-deprived rats were studied to establish values for small-vessel plasma volume in the neural lobe. We injected intravenously into each rat 100 /-LCi of 1251-bovine serum albumin as a I-ml bolus in saline. The tracer was allowed to circulate for 2 min, during which time four samples of arterial blood were drawn and centrifuged at prescribed intervals to as sess the level of plasma radioactivity. Because the counts were constant over the course of the experiment, the four samples were averaged to obtain a representative plasma value of radioactivity for each animal.
Another series of four control and six water-deprived rats was used to examine the blood-to-tissue transfer of 14C-Iabeled a-aminoisobutyric acid (AlB; MW 103 dal tons), a neutral amino acid that is avidly taken up and accumulated by neurons and glia by the small neutral amino acid carrier system (Blasberg and Lajtha, 1965; Blasberg et aI., 1983) . Because this amino acid is small and its transfer across neural lobe capillaries was antici pated to be rapid, we chose to analyze transfer only during its first pass through the neural lobe circulation. Thus, 12 s after the intravenous bolus injection of AlB (60 /-LCi in 0.5 ml saline), and following rapid multiple sampling of arterial blood (six samples over 12 s), the rat was decapitated. Aliquots of plasma were obtained from centrifuged blood samples and were suspended in liquid scintillation cocktail for counting.
The pituitary gland was removed from the sella turcica within 60 s and was mounted on a small block of frozen embedding medium. The tissue was frozen at -60°C until it was prepared for microtomy. Serial sections of 20-/-Lm thickness, taken from whole glands in the horizontal plane, were cut in a cryostat at -18°C, thaw-mounted on coverslips, and glued to cardboard. For the tissue sec tions from the plasma volume experiments, a set of stan dards made from homogenized calf liver and containing amounts of 1251 in the range of 8-930 nCi/g were cut and mounted in a way similar to the pituitary sections. Tissue samples and standards were placed together in cassettes with x-ray film to obtain 1251 images of the pituitary gland. For the AlB experiments, the pituitary glands were pre pared and sectioned similarly, but methylmethacrylate chips, having a range of 14C activity of 48-1,804 nCi/g, were used as standards. Films were kept in cassettes for 4-8 days.
For tissue analysis, we used a computer-based image processing system having enhancement capabilities so that the tissue images could be studied in magnification and with color coding (Goochee et aI., 1983) . The neural lobes were clearly visible in each of the images, and only the central portion of each neural lobe was analyzed. Mi crovascular plasma volume was calculated by dividing the radioactivity in the tissue section by the average ra dioactivity in the plasma during the experiment. The transfer constant for AlB influx from the arterial blood to the neural lobe was calculated by dividing the amount of extravascular radioactivity in the tissue by the integral of 14C activity in the arterial blood over the course of the 12-s experiment. Extravascular radioactivity was esti mated by subtracting from the measured tissue concen tration an amount of radioactivity derived from the product of the plasma volume and the arterial plasma 14C concentration at the time of killing. The data were ana lyzed at the 0.05 level of significance by t tests for inde pendent comparisons.
RESULTS AND DISCUSSION
Data from all animals in the control (total n = 12) and water deprivation (total n = 13) groups were pooled to judge the extent of dehydration. Ar terial blood pressure, blood gases and pH, and body temperature were not significantly different be tween the two groups. Body weight was lower ( -21 %) and the arterial hematocrit ( + 22%) and in tegrals of tracer radioactivity (two-to threefold) were higher in the dehydrated rats. In control ani mals, the transfer constant (K, in clearance terms of ".d/g/min) for AlB in the neural lobe was 781 ± 94 (mean ± SE). This K term was corrected for a normal microvessel plasma volume of 48 ± 5 ".dIg. Thus, compared with that by a normal cerebral gray structure such as the caudate nucleus, the uptake of this amino acid by the neural lobe is �400-500 times greater in conditions of hydration (Fig. 1) . In the dehydrated animals, K for ALB increased to 2, 340± 317 ".d/g/min (p < 0.05), whereas small vessel plasma volume was 56 ± 5 fll/g (p > 0.05). The optical densities of the neural lobes from de hydrated rats clearly reflected this marked increase in AlB uptake (Fig. 2) .
The principal finding in this study was the marked increase in the transcapillary transfer of the amino acid AlB in the neural lobe during conditions in which its functional and metabolic activity is in tensely stimulated. Under normal hydrated condi tions, the uptake of AlB across neural lobe capil laries is �400-500 times greater than in cerebral Logarithmic presentation of rates of blood-to-tissue transfer for Ol-aminoisobutyric acid (AlB) in the neural lobes of normal and dehydrated rats (this study) and in the caudate nucleus of normal rats [data from Blasberg et al. (1983) ]. In normal hydrated rats, AlB transfer is some 400-500 times larger in the neural lobe compared to the caudate nucleus. Chronic dehydration increases by threefold the rate of AlB uptake by the neural lobe.
gray matter structures (Bias berg et aI., 1983). This difference is not surprising since the endothelial cells of the neural lobe have fenestrae, open junc tions, and many vesicles (Wislocki and King, 1936; Carithers et aI., 1981) , which indicate high perme ability, whereas those of normal brain are non fenestrated, tightly apposed, and mostly devoid of vesicles (Fenstermacher and Rapoport, 1984) . AlB transfer in brain areas having such tight endothelial junctions and low vesicular activity ("blood-brain barrier") is at the lower limit of measurement [plasma trans capillary clearance rate of � 1-2 "d/gl min (Blasberg et aI., 1983) ]. The most permeable amino acid at the blood-brain barrier, phenylala nine, has a trans capillary clearance rate from plasma into gray matter of 140 ,..d /g/min (Hawkins et aI., 1982) . Studies have not yet been reported on the effect of experimental or endogenous stimulation of neural tissue on the blood-brain barrier perme ability to small solutes. When a comparison be tween the rate of local cerebral blood flow and local brain influx of phenylalanine is made in normal rats, a positive, close correlation results (Hawkins et aI., 1982) . This analysis suggests that high rates of amino acid influx are present in regions of the ner vous system having high metabolism, perfusion, and capillary density (Hawkins et aI., 1982) .
The increase in transfer of AlB into the neural lobe during dehydration is three times greater than the control value. Neural lobe blood flow in sheep is about eight times that of gray matter (Page, 1982) , and we have preliminary evidence that blood flow in the rat neural lobe is �5,700 ILlIglmin, or some four times the level of flow in cerebral cortex (un published results).
We found that the microvascular plasma volume in the neural lobe, 48 ILlig, was 5-lO times larger than in cerebral gray matter structures [5-lO ILlig (Blasberg et aI., 1983, Fig. 7) ]. Determinations in both of these studies were made from brains re moved from the skull, a process that drains the blood from the large cerebral vessels. A previous analysis indicates that only microvessels of approx imately <50 ILm in diameter still contain radioac tivity after brain removal (Weiss and Edelman, 1976) . Thus, our value for small-vessel plasma volume in the neural lobe probably reflects an ex traordinary density of microvessels in this struc ture. The high transendothelial flux of AlB and ap parent rich perfusion and vascularity of the neural lobe of rats constitute a morphological basis for an exceptionally large capillary surface area for the up take of circulating solutes by the pituitary neuropil.
In the following discussion, we will consider four factors that may be important to the finding of high AlB transfer in this study.
First, it is possible that neural lobe capillaries, which are normally quite permeable, become even more permeable when neurosecretory activity is high and when circulating titers of other hormones are elevated during dehydration. Vasopressin itself and other circulating hormones may have stimula tory effects on the luminal side of the endothelium. It has been suggested that abluminal vasopressin can increase brain capillary permeability to water (Raichle and Grubb, 1978) , and it is possible that solutes larger than water, such as AlB, may be more permeable when vasopressin levels are in creased either in the circulation or at the pericap illary space during dehydration. Furthermore, glu cose utilization in the neural lobe is intensely stim ulated by dehydration (Gross et aI., 1985) . Products of metabolic activity, such as hydrogen ions and carbon dioxide, may increase the permeability of neural lobe capillaries.
Second, increases in the rate of neural lobe per fusion (velocity of solute delivery) could also ac count for our results by increasing the mean con-centration of tracer in the capillary bed. Previous investigators found increases in blood flow in the neural lobe of Brattleboro rats (Kapitola et aI., 1977) and in dehydrated normal rats (Lichardus et aI., 1977) . We have considered the potential impor tance of increases in neural lobe blood flow during dehydration by estimating the permeability -surface area product, PS, which is derived by the equation
where F is the blood flow in units of jJ.J/g/min, Vf is the fraction of blood volume within which the solute is delivered to the tissue, and K is the solute transfer constant as defined above. Under normal condi tions in which we measured these variables in the neural lobe (hematocrit = 48%; therefore, Vf = 0.52), PS equaled 892 J-Lllg/min. If we consider that the permeability-surface area product does not change but that the blood flow-blood volume frac tion product increases during dehydration, we can estimate the effect on the solute transfer constant. Under these hypothetical conditions of an un changed PS product, K could increase only to the value of PS, 892 ,..d /g/min, because K cannot exceed either of the products, PS or FVf (Fenstermacher, 1983) . Thus, any large increase in F could account for a maximal increase in K of 14% [892 -781(100) rats given [14Cja-aminoisobutyric acid (AlB) by intravenous injection and killed 12 s later. Cor responding plasma 14C integrals for the two studies were 709 (top) and 2,033 (bottom) nCi . min/ml. The greater optical density of the neural lobe in the bottom figure reflects the increased uptake of AlB in dehydration.
Third, the surface areas for both the capillary bed and the cell membranes within the neural lobe pa renchyma may be increased during dehydration by the proliferation of capillaries and pituicytes. Pre vious reports have emphasized the enlarged ap pearance, greater mass, and hyperplasia of pitui cytes in the neural lobes of homozygous Brattle boro rats (Sokol and Valtin, 1965; Scott, 1968; Kapitola et aI. , 1977) and the increased production of pituicytes, endothelial cells, and other cellular constituents in the neural lobes of dehydrated normal rats (Friesen and Astwood, 1967; Krsulovic and Bruckner, 1969; Paterson and LeBlond, 1977; Alonso and Assenmacher, 1979) . Furthermore, structural changes in the relationship between the neurosecretory terminals and pituicytes occur during dehydration (Leveque and Small, 1959; Tw eedle and Hatton, 1980) , and the extent of neu rovascular contacts increases (Wittkowski and Brinkmann, 1974) . It is likely that these morpho logical alterations increase the tissue uptake of small neutral amino acids simply by enlarging the amount of membrane surface area available for flux.
Fourth, active uptake of AIB across pituicyte membranes may also have been stimulated in the dehydrated animals. AIB is avidly sequestered by normal brain cells (Blasberg and Lajtha, 1965) , and may be garnered by pituicytes at enhanced rates if the process for small neutral amino acid transport is stimulated during dehydration. Because the prin cipal fait: of amino acids entering neural tissue is to make protein (Pardridge, 1983) and because ele ments in the neural lobe appear to increase in size and number during dehydration (see above), it seems possible that the increase in AlB uptake re flects stimulated protein turnover and synthetic processes. Further studies will be needed to clarify the specificity, time course, magnitude, and signif icance of this remarkable rate of amino acid uptake by the neural lobes of dehydrated rats.
